BACKGROUND: Application of pulsed radiofrequency (PRF) currents to the dorsal root ganglia (DRG) has been reported to produce relief from certain pain states without causing thermal ablation. In this study, we examined the direct correlation between PRF application to DRG associated with spinal nerve injury and reversal of injury-induced behavioral hypersensitivity in a rat neuropathic pain model. METHODS: Neuropathic lesioning was performed via left L5 spinal nerve ligation on male adult Sprague-Dawley rats. Once the injured rats had developed tactile allodynia, one group was then assigned to PRF treatment of the L5 DRG and another group was assigned to the sham treatment to the DRG. Behavioral testing was performed on both the control and treated paws using the von Frey filament test before the surgery and at indicated days. The resulting data were analyzed using a linear mixed model to assess the overall difference between the treatment groups and the overall difference among the study days. Cohen's d statistic was computed from paired difference-from-baseline scores for each of the 14 study days after treatment and these measures of effect size were then used to descriptively compare the recovery patterns over time for each study group. RESULTS: Spinal nerve injury resulted in the development of behavioral hypersensitivity to von Frey filament stimulation (allodynia) in the hindpaw of the left (injury) side. Mixed linear modeling showed a significant difference between the treatment groups (P ϭ 0.0079) and a significant change of paw withdrawal threshold means over time (P ϭ 0.0006) for all 12 animals. Evaluation of Cohen's d (effect size) revealed that the PRF-treated animals exhibited better recovery and recorded larger effect sizes than the sham-treated animals on 10 of the 14 post-PRF treatment days and exhibited moderate-to-strong effects posttreatment at days 8 to 10 and at and beyond day 32. CONCLUSIONS: Findings from this study support that PRF of the DRG causes reversal of nerve injury (spinal nerve ligation)-induced tactile allodynia in rats. This allodynia reversal indicates that nonablative PRF acting via modulation of the DRG can speed recovery in nerve injury-induced pain. (Anesth Analg 2011;113:610 -6) 
T raditional radiofrequency (RF) of the dorsal root ganglion (DRG) was first used for the treatment of low back pain in 1974 using a needle electrode connected to an RF generator. 1 Continuous RF ablation has the effect of neurodestruction, similar to the end result of other neurolytic procedures. 2 Postprocedure discomfort may result. 3 Pulsed RF (PRF) may be an excellent alternative to traditional RF. A randomized prospective clinical study suggests that low-temperature PRF energy is a safe and effective modality when applied adjacent to the DRG for the management of radicular neuropathic pain. 4 During PRF administration, the electric current is delivered in pulses. The heat generated dissipates between pulses and neurodestructive temperatures are never reached. [5] [6] [7] [8] At 42°C, the temperature at which PRF stimulation occurs, neuroma formation is not likely to occur 9 leading to a decreased risk of a neuritis-like reaction. In addition, PRF has been demonstrated to be less damaging than traditional RF in a protocol examining cell survival in cortical cultures. 10 Currently, RF and PRF are used for the treatment of facet joint disease, 11 radicular pain, 11, 12 sacroiliac joint disease, 11 and trigeminal 11, 13 and other neuralgias. 14 -17 Overall, there is a decreased incidence of side effects and complications from PRF compared with RF treatment. 11, 12 PRF, therefore, is rapidly gaining acceptance as an alternative pain intervention.
Although widely used clinically, 1,4,11,14,16,18 -26 technique evaluation and the mechanism(s) of action have not been well identified. There is a paucity of data examining behavioral outcomes to PRF application.
What appears to be the first-ever behavioral study using PRF was published in 2008 and demonstrated improvement in tactile allodynia with percutaneous (not DRG-directed) PRF. 27 In this study, neuropathic pain was induced by the spinal nerve ligation (SNL) procedure described by Kim and Chung. 28 In this model, allodynia on the ipsilateral hindpaw secondary to unilateral L5-6 SNL peaks within 2 weeks postsurgical SNL and recovers gradually from approximately week 10 postinjury. 29 -31 On the 14th postoperative day after SNL, percutaneous PRF was applied to the plantar surface of the ipsilateral hindpaw. 27 Dynamic plantar aesthesiometer (weight and paw withdrawal time) and von Frey Filament testing showed that PRF application for 120 seconds significantly improved allodynia on the 1st through 14th post-PRF day compared with placebo. 27 Aksu et al. 32 applied PRF to the L5 and L6 dorsal roots in a rabbit neuropathic pain model and found that both mechanical and thermal hyperalgesia decreased 2 and 3 weeks after PRF application, respectively. 32 In this behavioral study, we examined the direct effect of PRF adjacent to the DRG associated with spinal nerve injury on reversal of injuryinduced tactile allodynia in a neuropathic pain model, which is a technique relevant to current clinical practice.
METHODS
Protocols used in this study were approved by the University of California, Irvine, Institutional Animal Care and Use Committee and conform to the National Institutes of Health Guidelines for Animal Use. Fourteen adult male Sprague-Dawley rats (149 -177 g; Harlan Industries, Indianapolis, IN) were housed with a 12-hour light-dark cycle and with access to food and water ad libitum. Rats were kept in a similar environment for 7 days for acclimation before SNL surgery. The study timeline is summarized in Table 1 .
Neuropathic Lesioning
Previous studies indicate that tactile allodynia, a form of neuropathic pain as manifested by reduced threshold to von Frey filament stimulation (mechanical light touch), develops in hindpaws ipsilateral to the nerve injury approximately 4 days after nerve ligation. 28, 31 In addition, the tactile allodynia state recovers after 10 weeks of injury in SNL rats. 29, 30 This provides an excellent model for studying recovery from nerve injury after an applied treatment, namely, RF modulation. SNL was performed as described by Kim and Chung 28 on all 14 adult rats after baseline testing 1 day before the surgery. Anesthesia was induced with 5% isoflurane in O 2 , and maintained with 2% isoflurane in O 2 during the operation. The back fur was shaved and the animal was placed prone for surgery. The skin was scrubbed with Betadine, then 70% EtOH. Under a surgical microscope, skin and percutaneous tissues were incised. The left L4-S1 paraspinal muscles were bluntly dissected from the spinal processes allowing visualization of the left L5 spinal nerve after removal of the L6 transverse process. The L5 spinal nerve was tightly ligated with 6-0 silk suture. Surgery ended with suturing of the muscle, fascia, and subcutaneous layers with 4-0 chromic suture and skin closure with rat staples. Surgery time for each SNL was approximately 15 minutes. The rats were allowed to recover from surgery for 2 days, then tested for SNL-induced allodynia for 10 days as described below. One rat was killed and excluded from the study after SNL because of surgical complications.
PRF Application
As for the SNL procedure, anesthesia was induced with 5% isoflurane in O 2 and maintained with 2% isoflurane in O 2 during the operation. The lumbosacral area of the rat was shaved and the operative field was prepped with Betadine, then 70% EtOH. A 5-cm skin incision was made in the posterior lumbosacral junction with a number 11 blade under a surgical microscope. After blunt muscle dissection, the L5 spinous process was identified at the level of the iliac crest. The interspinous muscle was retracted laterally, and the plates of the vertebral arch and ligated L5 spinal nerve were exposed. To expose the L5 DRG, L5-6 articular processes were removed with a small rongeur. The L5 DRG was confirmed by its proximal location to the L5 SNL ligature ( Fig. 1 ). Bleeding was controlled with a small electrocautery device (catalog number CH-H1; Advanced Meditech International, Flushing, NY) and with the application of direct pressure.
An RF electrode with a built-in thermocouple for temperature monitoring was placed adjacent to the L5 DRG via direct visualization; Figure 1 demonstrates a dorsal view of the surgical field. The RF probe (Radionics, Burlington, MA) used was a standard SMK RF (5-cm-length) probe (for a needle with a 5-mm active tip), which was modified as follows. The RF probe was placed into a plastic tube (pipette tip) allowing 2 mm active distal end exposed for PRF treatment. The electrode was then connected to an RFG-3C Plus RF lesion generator (Radionics) to expose the DRG to RF fields. After the electrode was placed adjacent to the L5 DRG and the leads were connected, each animal was Pulsed RF left L5 DRG Allodynia testing as shown in Acclimation Baseline test Left L5 SNL Recovery Allodynia testing as shown in Figure 2 Sham RF left L5 DRG Allodynia testing as shown in Figure 3 SNL ϭ spinal nerve ligation; RF ϭ radiofrequency; DRG ϭ dorsal root ganglia.
placed randomly by the surgeon into 2 treatment groups, sham versus PRF.
Group 1 (n ‫؍‬ 7): PRF Treatment
In this group, the DRG was exposed to approximately 25-V (peak voltage), 500-kHz RF pulses for 20 milliseconds. The pulses were delivered at a rate of 2 Hz for a period of 120 seconds. Temperature was limited to 42°C. Electrode impedance, DRG tissue temperature, and current were recorded at 15-second intervals throughout the period of PRF exposure. At the end of the treatment, muscle/fascial layers and the subcutaneous tissue were sutured with 4-0 chromic suture, and skin closure was completed with rat staples. The animal was allowed to recover from anesthesia on a heating pad maintained at 37°C by a temperature controller. During recovery, 5 mL sterile saline was injected intraperitoneally for intravascular volume replacement.
Group 2 (n ‫؍‬ 6): Sham Treatment
In this group, the electrode was maintained adjacent to the DRG for 120 seconds, without passing current through the electrode. Electrode impedance, DRG tissue temperature, and current were recorded at 15-second intervals throughout the period of exposure. At the end of the treatment, muscle/fascial layers and the subcutaneous tissue were sutured with 4-0 chromic suture, and skin closure was completed with rat staples. The animal was allowed to recover from anesthesia on a heating pad maintained at 37°C. During recovery, 5 mL sterile saline was injected intraperitoneally for intravascular volume replacement. Surgery time for each DRG PRF and sham procedure was approximately 30 minutes. One rat in the sham group was killed because of study complications, epidural abscess formation as revealed by postmortem evaluation.
Behavioral Testing
Behavioral testing was performed over 50 days as indicated on the control (right) and treatment (left) paws of all animals using the von Frey filament test as described by Chaplan et al. 33 All testing was performed by the same physician, who was not the surgeon, and who was blinded to the animal group assignment. The animals were placed in a clear plastic cage with a wire mesh bottom for at least 15 minutes of acclimation before the 50% paw withdrawal threshold (PWT) to von Frey filaments was determined.
Briefly, a series of filaments of varying buckling weights was applied in consecutive sequence to the plantar surface of the hindpaw in the L5 dermatomal distribution. A pressure was applied causing the filament to buckle. Paw lifting or licking indicated a positive response and was followed by the use of the next weaker filament. Absence of a paw withdrawal after 5 seconds prompted the use of the next higher weight filament. The process was repeated until the completion of evaluation according to the updown method. 33 The 50% response threshold, derived from probability distribution patterns, was calculated using the equation 50% g threshold ϭ (10^[ Xf ϩ kd͔ )/10,000, where Xf is the value (in log units) of the final von Frey filament used, k is the value of the pattern of positive versus negative responses, and d is the mean difference (in log units) between stimuli. 33 
Statistical Methods
Two-way analysis of variance with Bonferroni posttests was used to assess the effects of SNL on behavioral hypersensitivity before PRF treatment. Statistical significance was indicated by P value Ͻ0.05 (Fig. 2) . For data analysis after PRF treatment, a repeated-measures analysis based on mixed linear modeling with left hindpaw withdrawal thresholds (LHPWTs) as the dependent variable, and with PRF versus sham treatment as a fixed effect and time (study days) as random effect was performed using SAS statistical software (version 9.2; SAS Institute, Inc., Cary, NC). Time was considered to be a random effect because measurements were gathered on 14 unequally spaced days during the 51-day recovery period. To appropriately fit the covariance structure, where days were unevenly spaced, we used the spatial power law model (Cov͓LHPWT t1 ,LHPWT t2 ͔ ϭ 2 ͉t1Ϫt2͉ ), which is widely used for these kinds of data. 34 The resulting output provided a test of the difference between the LHPWT means of the sham-and PRF-treated groups and a test of the overall differences among the LHPWT means for all rats across all post-PRF treatment study days. Finally, a description of the post-PRF treatment recovery patterns registered by each treatment (sham and PRF) across the 14 post-PRF treatment study days was provided by computing Cohen's d to measure the treatment-by-day effect size. 35 For this purpose, Cohen's d was computed directly from the treatment mean and standard deviation of the group's LHPWT paired-difference scores for each posttreatment day (each animal's LHPWT score at the indicated posttreatment time point minus the animal's baseline LHPWT score). In addition, these effect sizes also provided a description of the difference between treatments on each of the 14 post-PRF study days (Fig. 4 ).
RESULTS
Neuropathic pain states were induced by tight ligation of the left L5 spinal nerve (SNL) as described by Kim and Chung. 28 PWT to von Frey filament stimulation was tested at designated times after injury as shown in Figure 2 . For each SNL rat, the contralateral paw was used as an internal control. The PWT of the right paw for each animal remained at 13 to 15 g over the entire duration of the study. This indicates that the control paw did not have any significantly increased sensitivity to the mechanical stimulation. However, SNL induced a gradual reduction in PWT at the injury side, which reached a hypersensitive state to the mechanical stimulation (PWT to Ͻ5 g) in approximately 2 weeks after injury, indicating induction of tactile allodynia (Fig. 2) . In the rats that received PRF, the PWT on the injury side increased to Ͼ10 g 8 to 10 days after PRF. The PWT then decreased slightly but began to increase again after day 18 post-PRF toward the pre-SNL baseline (Fig. 2) . Overall, PWTs in the injury side of the SNL and PRF group (group 1) were higher than those in the injury side of the SNL and sham PRF group (group 2) ( Fig. 3) . Appropriately, the mixed linear analysis exhibited a statistically significant result for the test of no difference between the sham treatment and PRF treatment means (P ϭ 0.0079) and produced a statistically significant result for the test of no difference among the 15 study day means (P ϭ 0.0006). To go beyond these overall findings, by treatment effect sizes based on paired-difference scores between baseline and subsequent day PWT scores are presented graphically (Fig.  4) for every one of the 14 post-PRF treatment days. It is noteworthy that the PRF-treated animals recorded larger effect sizes than the sham-treated animals on 10 of the 14 post-PRF treatment days and exhibited moderate-to-strong effects after day 32. Taken together, these results show that PRF induced a greater recovery from tactile allodynia than the recovery associated with the sham treatment.
DISCUSSION
This study demonstrates that PRF adjacent to the DRG induces an allodynia reversal in an animal model of neuropathic pain. Even though its maintenance effect is difficult to determine because of the natural recovery of the SNL model, effect-size comparison data support that PRF induces a greater allodynia recovery than sham treatment.
These findings are complementary to data published by Ozsoylar et al. 27 or Aksu et al., 32 who found significant reductions in nociception after PRF application to the rear paw of SNL rats, or to the L5-6 dorsal roots of a rabbit tight Figure 3 . Allodynia recovery after pulsed radiofrequency (PRF) dorsal root ganglia (DRG) neuromodulation. Left hindpaw withdrawal thresholds (PWT) to von Frey filament stimulation were tested after unilateral PRF to the L5 DRG of spinal nerve-ligated rats as described in Table 1 . Data shown represent the means in the injury (left) side from the number of animals in each group as indicated. Statistical analysis of the data is shown in Figure 4 . Behavioral testing data after day 51 are not shown because of complete recovery of allodynia in both groups. Table 1 . Data shown represent the effect size of the PWT analyzed with Cohen's d method as described. The number of animals in each group is indicated. Dashed lines represent the levels of a moderate (effect size Ͼ1.15) or strong (effect size Ͼ2.70) effect, respectively. sciatic nerve ligation model, respectively. In our experience, tactile allodynia is the best modality for behavioral testing in the SNL model, whereas the consistency with thermal hyperalgesia testing is less robust. Nevertheless, inclusion of other behavioral testing modalities in pain models is also recommended in future experiments. Because spontaneous, 36 enhanced 37 DRG activities, and sustained ectopic DRG neuron firing 38 are the main causes of radicular pain, DRG is likely the most important target to limit ectopic impulse generation in patients with radicular pain. Thus, the allodynia reversal effect of PRF may be applicable to both radicular pain as well as peripheral neuropathic pain because both animal models produce similar allodynic outcomes. 39 However, because mechanisms underlying pain states may differ based on etiologies, studying the effects of DRG-adjacent PRF in other pain models will assist in the determination of clinical selection criteria.
We targeted the L5 DRG in this study assuming that injured DRG is the source of injury signals to the central nervous system that leads to central sensitization. Because of L5 tight ligation and fiber degeneration, intact L4 fibers, through the sciatic nerve, may be the major pathway to carry action potentials to the central nervous system. It is possible, however, that non-noxious sensory signal propagated through intact L4 fibers can still trigger behavioral hypersensitivity by activating the sensitized L5 sensory circuit through projection neurons and their collateralization directly or through interneurons indirectly at the dorsal horn level. An experimental PRF design comparing the modulation effects of both L4 DRG and L5 DRG in pain state relief in a larger group of animals may be warranted in future experiments.
Although it is not practical to compare the magnitude and duration of antiallodynia effects of PRF in humans and animal models, our data support that PRF-induced antiallodynic effects occur approximately 1 week after PRF treatment and last for the duration of SNL-induced allodynia. However, humans may report analgesia after PRF within the first hour of treatment. This discrepancy might reflect the fact that analgesia and tactile allodynia reversal are not synonymous. Early PRF-induced analgesia may reflect that changes in local factors, such as pain modulators at the PRF site, or central factors, such as the release of endogenous endorphins, could have a role in the perception of pain relief, which was not tested in this animal model. Later allodynia reversal may reflect long-term changes in gene expression, resulting in more permanent changes in sensory neuron excitability. In fact, many investigators recommend DRG targeting for this reason, although other reasons are also cited. 12 The mechanism of action of PRF is still being investigated. Findings from several studies support that PRFinduced changes seem reversible and do not rely on thermal injury. After exposing rat DRG or sciatic nerve to PRF, RF, and conductive heat, Podhajsky et al. 40 reported that PRF caused transient minor structural changes, fibroblast activation, and collagen deposition. In contrast, thermal RF lesions cause nerve fiber Wallerian degeneration. Data from similar studies evaluating short-term PRF effects (1 hour) on rat DRG 41 and long-term PRF effects (21 days) on the sciatic nerve 42 showed that unmyelinated nerve fibers were macroscopically normal in both studies. Myelinated axons, however, showed severe nerve degeneration post-RF, 42 but only a separation in the sciatic nerve, 42 and interrupted myelin coverage in DRG 41 post-PRF.
Erdine et al. 43 showed that PRF exposure results in injuries relatively selective to small fibers (C fiber and A-␦ fiber) with changes in the morphology of mitochondrial membranes, disruption and disorganization of microfilaments within the axons, and presumably microscopic changes in the axon membrane, such as changes in ion channels or pumps. It seems that PRF electrical and current fields better penetrate the axonal cell membranes of the C and A-␦ fibers, causing greater disruption to inner structures. The authors suggest that damages to mitochondria via their membrane fragility causes an interruption in the essential adenosine triphosphate-mediated cellular functions and in cellular metabolism that may impede the generation of pain signals; the damage to microtubules and microfilaments may similarly impede the transmission of pain impulses.
Various studies have noted changes in dorsal horn neuronal activity, and increased cellular stress in smalland medium-caliber neurons in response to PRF at or near the DRG. 41,44 -46 Application of PRF, but not conventional RF, to the DRG results in an increase in c-fos immunoreactive neurons in the superficial laminae of the dorsal horn 3 hours later, suggesting a heat-independent activation of dorsal horn neurons. 46 Van Zundert et al. 44 reported an increase in c-fos immunoreactive cells in the dorsal horn 7 days after application of both RF and PRF to the cervical dorsal root, representing a late neuronal activation. In addition, Hamann et al. 45 revealed an upregulation of ATF3 in DRG neurons, but not in the sciatic nerve, both of which were subjected to PRF, suggesting that the biological response to PRF is tissue or cell-type specific and independent from thermal damages. 45 Because both c-fos and ATF3 are transcription factors, these findings support that PRF pain relief may derive from long-term modulation of cell functions by altering gene expression, which may include positive PRF effects on synaptic strength and long-term enhancement, 47 which is related to central sensitization, a major player in chronic pain development. 48 In this study, PRF was applied similar to clinical variables. The voltage was limited to 25 V to avoid a thermal ablation (temperature limited to 42°C) as the other variables (500-kHz pulses, 20 milliseconds in duration, rate of 2 Hz, period of 120 seconds) were fixed for smaller rat DRG. Even though 25-V output is not the mode in clinical practice, it is occasionally cited. 6 However, animal studies that vary technical considerations, such as ideal voltage, number of cycles, pulse duration, and optimal electrode distance, are also encouraged and will refine the application of PRF in pain treatment. Furthermore, we used an open procedure to ensure reliable DRG-adjacent PRF application because the anesthetized animal cannot report vibration, buzzing, pressure, or tingling sensation for probe placement as humans do. However, this invasive approach will not be necessary in clinical practice because PRF adjacent to the DRG can be performed percutaneously via fluoroscopic guidance. Finally, although it did not affect allodynia recovery in the sham rats, the application of electrocautery, in combination with direct pressure, for bleeding control may cause unnecessary electrical energy at the PRF site, which should be avoided in future studies if possible.
In conclusion, PRF is effective for the treatment of experimental neuropathic pain via DRG modulation. Further elucidation of exact mechanisms underlying PRF-induced DRG modulation in pain state relief, however, is needed.
